Nitrogen-fixing cyanobacteria have been studied in many laboratories for use in a system for producing hydrogen from water (2-4, 6-9, 11-18, 20, 21, 23, 25, 26) . In considering water biophotolysis by cyanobacteria, one of the problems yet to be solved is the inhibition of hydrogen evolution by nitrogen and oxygen gas. Nitrogen gas is a competitive inhibitor of the hydrogen evolution reaction of nitrogenase, and oxygen gas is also an inactivator of nitrogenase, although aerobic nitrogen-fixers have various protection mechanisms against the inhibitory effect of oxygen gas (5, 10, 22) . Therefore, most cyanobacterial hydrogen production systems use argon-based atmospheres.
Moreover, concomitant uptake hydrogenase activity in nitrogen-fixers prevents hydrogen accumulation in closed vessels. Continuous flushing of cyanobacterial cultures with inert gas (15) (16) (17) 25) can prevent hydrogen uptake and oxygen inhibition, since the hydrogen and oxygen gases evolved are kept at low concentrations. However, as suggested by Mitsui and co-workers (7, 11) , this method is not practical because the hydrogen gas evolved must be separated from a large amount of inert gas. Hydrogen accumulation in a closed system without the use of a noble gas would therefore be advantageous from a practical aspect.
We isolated an aerobic hydrogen-evolver, Anabaena sp. strain N-7363 (3), from the culture collection of Nakayama at the University of Yamanashi (19) and demonstrated the prolongation of aerobic and anaerobic hydrogen evolution by this strain in closed vessels in which the gas atmosphere was renewed in a semibatch procedure (2) . In this paper, we describe the aerobic evolution and simultaneous accumulation of hydrogen and oxygen gas by Anabaena sp. strain N-7363 in a closed vessel supplemented with carbon dioxide without any renewal of the gas atmosphere.
MATERIALS AND METHODS Anabaena sp. strain N-7363 was cultured in a 300-ml bottle containing 150 ml of modified Allen-Arnon medium free of any combined nitrogen source (3) and C02-enriched (5%, vol/vol) air at 30°C under continuous illumination of 7 klux (fluorescent lamps) with gentle stirring by a magnetic spin bar.
After 5 days, the culture was inoculated into fresh culture medium in a Roux bottle (Fig. 1) . The total internal volume of the bottle was 1,550 ml, and the initial working volume was 1,000 ml. The initial gas phase was air enriched with carbon dioxide (5%, vol/vol). (Fig. 1 ) measured as described in the text, and V indicates the CO, volume added as described in the text. The full scale of gas concentration is 10 and 100% for hydrogen and oxygen, respectively. Symbols: 0, hydrogen; 0, oxygen; *, carbon dioxide; A, cyanobacterial cell concentration.
mine the concentrations of hydrogen, oxygen, and carbon dioxide. (ii) After the gas in the vessel was vented into a hypodermic syringe via a three-way valve, the graduation of the syringe was measured at atmospheric pressure and the internal gas in the syringe was discarded. (iii) To restore the concentration of carbon dioxide to 5%, a calculated volume of carbon dioxide was injected and the gas atmosphere was not vented to atmospheric tension until the following day. (iv) A 15-ml amount of the culture was withdrawn to determine the cyanobacterial cell concentration. (v) An additional 10 ml of the culture was withdrawn to assay acetylene-reducing activity and in situ hydrogen uptake in darkness.
The concentration of hydrogen and oxygen gas was determined as reported previously (3) . The concentration of carbon dioxide was determined with a Shimadzu GC RlA gas chromatograph (detector; TCD) equipped with an activated charcoal (30/60 mesh) column (3 mm diameter by 2 m). The oven temperature was 140°C and the inlet pressure of the carrier gas (nitrogen) was 1 kg/cm2.
Hydrogen uptake activity in darkness was assayed with a hydrogen-oxygen electrode system (1, 24) . Acetylenereducing activity and cell dry weight were determined as reported previously (1) . Hydrogen-evolving activity from reduced methyl viologen was measured with the hydrogenoxygen electrode. Reduced methyl viologen was prepared as described previously (1) and added at 1 mM (plus 5 mM sodium dithionite) to the cyanobacterial suspensions.
RESULTS AND DISCUSSION In the previous paper (reference 2 and Fig. 4 therein) , Anabaena sp. strain N-7363 was shown to evolve hydrogen gas aerobically when the gas phase was closed by temporal stoppage of aeration. Now we have shown that this strain can accumulate hydrogen and oxygen gas simultaneously even in a completely closed system (Fig. 2) .
The conditions for aerobic hydrogen accumulation by intact cells of nitrogen-fixing cyanobacteria in a closed system are as follows: (i) hydrogen evolution is not completely inhibited by nitrogen gas, (ii) the nitrogenase system is highly protected against oxygen gas, and (iii) there is little or no activity of uptake hydrogenase. We have already shown that strain N-7363 can fulfill the first requirement; hydrogen evolution strain by N-7363 was not completely inhibited by nitrogen gas and was possible even in 100% nitrogen gas at a reduced rate (3).
We then examined requirement (ii). Acetylene-reducing activity was measured at various oxygen partial pressures by withdrawing culture samples at various times during hydrogen evolution (Fig. 3) . The results indicated that the strain required some oxygen gas for maximal acetylene reduction in every case and that the nitrogenase system of N-7363 was highly resistant against oxygen gas. Although further studies are needed to elucidate this high oxygen resistance, the data in Fig. 3 suggest that respiration may play a dominant role in the protection and reaction of nitrogenase in this strain.
Strain N-7363 may also fulfill requirement (iii) ( Table 1) . We tried to assay the hydrogen uptake activity of the culture a Culture broth which was evolving hydrogen and oxygen as shown in Fig.  2 was withdrawn at the times indicated with a hypodermic syringe and then immediately transferred into the hydrogen-oxygen electrode chamber. Culture broth incubated in the chamber at 30°C produced hydrogen gas proportionally to time after more than 30 min in darkness. The assay of reduced methyl viologen-dependent hydrogen evolution was started by the addition of reduced methyl viologen after bubbling of argon gas into the culture broth to remove hydrogen and oxygen gas, but was not observed in every case.
b The concentration of dissolved hydrogen and oxygen recorded in the hydrogen-oxygen electrode system was converted to equilibrating partial pressure (the discrepancy with the gas concentration shown in Fig. 2 was probably due to the disequilibrium between gas phase and culture broth under the conditions shown in Fig. 2 ).
which was evolving hydrogen and oxygen under the conditions shown in Fig. 2 . The culture broth was withdrawn and immediately transferred to the hydrogen-oxygen electrode chamber, but uptake activity in darkness was not observed; hydrogen-evolving activity dependent on endogenous respiration did occur. This means that hydrogen uptake activity by strain N-7363 due to oxy-hydrogen reaction was negligible in comparison to hydrogen evolution in darkness. Nor was light-dependent hydrogen uptake likely to have been active under the aerobic conditions indicated in Fig. 2 . Uptake hydrogenase is thought to recover hydrogen gas produced by a side reaction of nitrogenase through anaerobic light-dependent reaction and oxy-hydrogen reaction; the latter is suggested to contribute to the protection of nitrogenase against oxygen (5, 10, 22, 23) . In applicational studies, however, addition of carbon monoxide and acetylene (4, 13, 14) and aerobic treatment of darkness (18) were tried to inactivate or repress uptake hydrogenase, which reduces net hydrogen production. The property of this strain described in Table 1 is advantageous for applicational hydrogen evolution since there is no need for artificial prevention of uptake of hydrogen. Moreover, reduced methyl viologen-dependent hydrogen evolution, which is due to reversible hydrogenase activity according to Houchins (5) , was not observed when the samples shown in Table 1 were assayed with the hydrogenoxygen electrode (data not shown). These facts suggest that the enzyme responsible for hydrogen evolution was nitrogenase only and that hydrogenase may not have been involved in the hydrogen metabolism, at least not under the conditions described in Fig. 2 .
Hydrogen accumulation by nitrogen-fixing cyanobacteria has been achieved by Mitsui and co-workers (6, 21) in a closed system with an argon-based atmosphere. However, hydrogen accumulation in the simultaneous presence of nitrogen and oxygen gas has not been reported until now, especially with such a high concentration of oxygen gas as that reported here. A high rate of aerobic hydrogen evolution by Anabaena spp. strains CA and 1F (24) has not yet been prolonged in a closed system. Anabaena sp. strain N-7363 seems to offer the possibility of hydrogen production under an aerobic or loosely controlled gas atmosphere.
